We report results of molecular dynamics (MD) simulations characterising the hydrogen bonding in mixtures of two different protic ionic liquids sharing the same cation: triethylammonium-methylsulfonate (TEAMS) and triethylammonium-triflate (TEATF). The triethylammonium-cation acts as a hydrogen-bond donor, being able to donate a single hydrogen-bond. Both, the methylsulfonate-and the triflate-anions can act as hydrogen-bond acceptors, which can accept multiple hydrogen bonds via their respective SO 3 -groups.
Introduction
During the past 15 years ionic liquids (ILs) have received great attention from the scientific community. [1] [2] [3] [4] More recently, also the ability to design targeted liquid properties by forming binary and ternary mixtures has become a focus of interest. 5, 6 In particular, it has been recognized that the balance between different competing interactions, such as Coulomb interactions, van der Waals interactions, and hydrogen bonds is of great importance. In a situation, where strong (Coulombic) forces compete with each other and partly cancel each other out, also weaker interactions, such as hydrogen-bonds, might be able to significantly affect the properties of the fluid. 7, 8 This is particularly important for mixtures of ionic liquids, where different constituents (ions) might compete with each other for specific interactions. The mixing behavior of several ionic liquids has been discussed recently with a focus on their thermodynamic and transport properties. 5, 6, [9] [10] [11] [12] [13] However, mostly the behavior of aprotic ionic liquids has been considered so far. We would like to point out that physical properties reported in these studies, such as the density and the viscosity, were mostly exhibiting ideal-like mixing behavior in the sense that the properties vary almost linearly with the mixture composition. In addition, also the molar mixing-enthalpies and -entropies indicated only a small deviation from the ideal mixture-behavior. 10, 11 Recently, Welton and co-workers have commented on the tendency for ideal-mixture behavior in mixtures of ionic liquids and reviewed IL mixtures with a focus on property design an opportunities for applications. 5, 9 The situation seems to be different for protic ionic liquids, where strongly directional hydrogen-bonds (can) exist. 14, 15 We could show very recently, that for a mixture of triethylammoniummethylsulfonate (TEAMS) and triethylammonium-triflate (TEATF), which are both sharing the same cation, the two different anions compete with each other for a hydrogen bond to the triethylammonium-cation (TEA). 16 Using far-infrared spectroscopy, we could assign signatures distinguishing between hydrogen-bonded aggregates of TEA to each of the two anions within the mixture. 16 A population analysis as a function of mixture-composition is suggesting a favorable interaction of TEA with the methylsulfonate-ion. In addition, also the experimentally determined viscosity is showing a strongly non-linear mixture dependence, pointing at the changing size of aggregates in the liquid as a function of the mixture-composition. 16 With the present study we would like to complement our earlier endeavour with an in-depth analysis of a detailed molecular model of the same binary TEATMS-TEATF mixture, focusing on the local solvation-structure of the ions, and, in particular, a Universität Rostock, Institut für Chemie, Abteilung Physikalische und Theoretische on the hydrogen-bonding. In addition, we will show that the size of the hydrogen-bonded aggregates can be predicted and explained by a simple combinatorial lattice model, which is based on an approximate coordination number of the ions, and is using statistical weights that mostly account for the fact that each anion can only accept up to three hydrogen bonds.
Finally, we would like to point out that Rogers and co-workers have argued recently that ions in a mixture of ILs do not seem to retain their individual nature and proposed to consider them as double salt ionic liquids. 6 Double salts are salts containing more than one cation or anion, obtained by combination of two different salts which were crystallized in the same regular ionic lattice. Although this definition is not strictly applicable to the case of an amorphous state such as a liquid, we can provide evidence for double-salt-like behavior of the TEAMS-TEATF mixture.
Methods

Molecular dynamics simulations
We employ molecular dynamics (MD) simulations in the isobaric isothermal (NPT) ensemble using the Nosé-Hoover thermostat 17, 18 and the Rahman-Parrinello barostat 19, 20 with coupling-times t T = 0.5 ps and t p = 2 ps (assuming the isothermal compressibility to be w T = 5 Â 10 À5 bar À1 ), respectively. The electrostatic interactions are treated in the ''full potential'' approach by the smooth particle mesh Ewald summation 21 with a real space cutoff of 1.0 nm and a mesh spacing of approximately 0.12 nm and 4th order interpolation. The Ewald convergence factor a was set to 3.38 nm À1 (corresponding to a relative accuracy of the Ewald sum of 10 À5 ). A 2.0 fs timestep was used for all simulations and the constraints were solved using the SETTLE procedure. 22 During the simulations all bond-length were kept fixed. All simulations reported here were carried out using the GROMACS 4.6 program. 23, 24 Statistical errors in the analysis were computed using the method of Flyvbjerg and Petersen. 25 For all reported mixtures and temperatures initial equilibration runs of 1 ns length were performed using the Berendsen weak coupling scheme for pressure and temperature control t T = t p = 0.5 ps. 26 A total of 16 different compositions were investigated with compositions of x = x CH 3 SO 3 = {0.0, 0.125, 0.25, 0.3125, 0.40625, 0.5, 0.5625, 0.625, 0.6875, 0.75, 0.8125, 0.84375, 0.875, 0.90625, 0.9375, 1.0} at T = 300 K, 300 K, and 400 K. In each case the simulated system consisted of 256 ion pairs in a cubic box with periodic boundary conditions. As shown in Fig. 1 , the density of the model-system follows rather well the experimental density, both as a function of temperature and composition. Production runs of 120 ns (300 K), 48 ns (350 K), and 24 ns (400 K) simulationlength were finally recorded and analyzed.
The molecular model
For the description of the potential model, a classical forcefield approach has been used, similar to the OPLS-model of Jorgensen et al. 27 All employed partial charges are atom-centered and were determined from ab initio calculations of the individual ions by applying many body perturbation theory (MP2) and using the 6-311++G** basis set. All reported ab initio calculations were performed with the Gaussian 09 program. 28 The charges were fitted to the electrostatic potential surrounded by the atoms using the ESP 29 and RESP 30 methods. Due to the rather small size of the ions no significant changes were found between the ESP and RESP charges. CH 3 -and CH 2 -groups treated as united atoms and represented by a single interaction site. Nonbonded Lennard-Jones parameters for the triflate-ions were taken from the [NTF 2 ] forcefield-model of Köddermann et al., 31 while the starting point for the nonbonded parameters for the triethylammonium were parameters reported by Krienke et al. 32 for the ammonium group, in addition to the TraPPE-parameters of Martin and Siepmann 33 for the united-atom CH 3 -and CH 2 -groups. The s-parameter for the nitrogen atom needed to be resized to 3.25 Å in order to match the HÁ Á ÁO distance of the hydrogen bonded ion pair in the gas-phase with the distance obtained for the energy minimized structure using ab initio calculations. Constant pressure simulations of the model describes the density of triethylammonium-triflate quite satisfactorily. For the methylsulfonate-ion, the Lennard-Jones parameters of Köddermann were also used for the SO 3 -group. The starting point for the Lennard-Jones parameters for the methyl-group was again the forcefield of Martin and Siepmann. 33 In this case, the Lennard-Jones s of the methyl-group needed to be resized to match the density of the liquid phase of neat triethylammoniummethylsulfonate. Due to a significantly stronger bondpolarization of the S-O bond within the methylsulfonate-ion, compared to the triflate-ion, larger partial charges on the oxygens were obtained for the methylsulfonate, leading to stronger hydrogen-bonding with the triethylammonium ion. In order to represent molecular configurations of the ions properly, the equilibrium bond distances and angles were adjusted in such a way that they lead to minimum energy configurations close to the structures obtained from the ab initio calculations. All nonbonded Lennard-Jones parameters and partial charges are summarized in Table 1 . The bond-length and bond-bending parameters can be found in Tables 2 and 3 . Dihedral potentials for intramolecular torsions around the N-C2-bond in the triethylammonium ion and the S-C-bond in Fig. 1 Densities of selected TEATF-TEAMS mixtures as a function of their composition as obtained from the molecular dynamics simulations at 300 K and 350 K, respectively. The closed symbols refer to experimental densities obtained at 298 K and 343 K. 16 the triflate ions were fitted to ab initio calculations to represent the molecular conformations accurately. The values are summarized in Table 4 . The full torsion potential also include nonbonded 1-4-interactions. Here both, the nonbonded Lennard-Jones and Coulomb 1-4-interactions are scaled by a factor of 0.5.
Discussion
Structure of the ionic liquid mixture
To provide an impression of the structure of the discussed ionic liquid mixture, a snapshot of the 50 : 50 mixture of TEATF-TEMS at T = 300 K is given in Fig. 2 . Indicated are the positions of the centers of mass of the ions, which can be identified via their respective colors. From visual inspection it is evident that the charge of the ions impose a long-range ion-alternating order, which is leading to a significant structural homogeneity of the ionic liquid. This behavior is typical for ionic liquids and has been pointed out earlier by Maroncelli and co-workers. 34 The ion-alternating order is a consequence of the fact that the ions are predominantly surrounded by a solvation shell of ions with opposite charge. This defining structural feature is well represented by the location of the first peak of the center-ofmass pair distribution functions of the ions: in Fig. 3a and b the center-of-mass pair distribution functions for all ion-pair combinations are shown for a 50 : 50 mixture obtained at 300 K. From Fig. 3a we can conclude that the first peak of the anioncation pair correlation function is shifted to significantly lower values, with the dominant first peak of the TEA-MS-pair found at 0.41 nm, and the peak of the TEA-TF-pair at 0.54 nm. The first TEA-TEA-peak is found at a much larger distance of 0.70 nm. The anion-anion pair correlation functions are shown in Fig. 3b : here, Table 1 Non-bonding Lennard-Jones interaction parameters with V ij = 4e ij [(s ij /r ij ) 12 À (s ij /r ij ) 6 ] and partial charges used in the MD Simulations of the PIL-mixtures. Lorentz-Berthelot mixing-rules with s ij = (s ii + s jj )/2 and e ij = (e ii Áe jj ) 1/2 were applied for determining the cross-parameters Table 2 Harmonic bond-stretching parameters employed in the forcefield model using
Triethylammonium H-N 1.020 2500.0 C2-N 1.500 2500.0 C2-C3 1.540 2500.0 Table 3 Harmonic bond-bending parameters employed in the forcefield model using
108.4 460.0 C3-C2-N 108.4 460.0 Table 4 Dihedral-potential for the rotation around the N-C2 bond in the triethylammonium-ion and for the C-S bond in the triflate-ion according we would like to point out that, besides the dominant main first peak around 0.8 nm, there also exists pre-peak at a distance of about 0.55 nm, which is most strongly pronounced for the correlation between the two methylsulfonate ions, and is only weakly pronounced in the pair-correlation of the triflate-ions. In addition, Fig. 3b also shows that this structural feature of the first peak is completely absent for the TEA-TEA correlations. The prepeak in the anion-anion pair correlation function is indicating the existence of direct anion-anion contacts, whereas direct cationcation contacts are apparently avoided. Moreover, also the snapshot in Fig. 2 reveals the presence of anion-anion-pairs in close proximity on many occasions. The coordination number of the ion-solvation is deduced from the anion-cation pair correlation functions, shown in Fig. 4a and b for both pure ionic liquids. First, we would like to point at the characteristic three-sub-peak nature of peak of the first solvation-shell, which is present in both ionic liquids, although significantly more ''structured'' in the case of TEAMS. The integral over the pair correlation function reveals the number of neighbors as function of their distance
Here r represents the number density of the selected ion-species. The data for N(r) are also given in Fig. 4 . Integrating over the entire first peak leads to a consistent number of nearest neighbors of about 6.8 to 6.9 counter-ions for both ionic liquids.
Here, the first sub-peak corresponds in both cases to about one neighbor, strongly suggesting that this is indicative of a hydrogen-bonded ion-pair configuration. The second and third sub-peaks are contributing about three additional neighbors each. Both are apparently related to configurations with different orientational order. As shown in Fig. 5 , the average first-shell counter-ion coordination number of about 6.8 to 6.9 remains constant over the entire mixture range. At this point we would like to discuss apparent deviations from an ideal mixture-behavior in these ionic liquids: a significant structural difference between the pure liquids and the mixture is observed for first sub-peak of the anion-cation pair distribution functions for the 50 : 50 TEATF-TEAMS mixture, shown in Fig. 3a , compared to the pure liquids shown in Fig. 4 . From Fig. 4 it is evident that the first sub-peak has about the same height for both pure ionic liquids. In the 50 : 50 mixture ( Fig. 3a) , however, the first peak is very strongly pronounced for the TEA-MS pair, and is almost completely absent for the TEA-TF pair, which is suggesting a preference for the formation of TEA-MS hydrogen bonded conformations. This preference is also evident from Fig. 2 , where many of the supposedly hydrogen-bonded TEA-MS-pairs can be identified as dumbbelllike configurations, formed by a pair of blue and yellow spheres. This imbalance of the hydrogen-bond strengths has also a surprising consequence for the structure of solvation-shells of the ions in the mixture. In Fig. 5 the average coordinationnumber of the anions surrounding a central cation is depicted as a function of the mixture-composition. While the total number of anions varies only slightly between 6.8 and 6.9 as a function of mixture composition, the build-up of the individual solvation shells changes more strongly: as shown in Fig. 5 , in a 50 : 50 mixture the average number of TF-anions (N TF = 3.82) in the first solvation shell of a TEA-cation is significantly larger than the number of MS-anions (N MS = 3.08). This imbalance is also represented in the solvation shell of the anions: Fig. 6 shows the distribution of the number of the TEA-cations in the first solvation shell around each anion. For the pure ionic liquids (given in Fig. 6a ), the distribution functions are almost identical with a maximum at 7 neighbors. In the 50-50 mixture, however, the distribution for methylsulfonate is shifted to lower values, with a maximum at 6, whereas the distribution for triflate is shifted to larger values. Apparently, the triflate-ion is able to ''steal away'' cations from the methylsulfonate in the mixture. This effect might be just due to the larger size of triflate-ion compared to the methylsulfonate. However, the reduced number of TEA-cations in the solvation shell of methylsulfonate leaves the methylsulfonate-ion prone to direct anion-anion contacts in the mixture as observed in Fig. 3 . The number of TEA-cations attracted by the triflate-and methylsulfonate-ions is related with an average free energy of association, which has, of course, both entropic and an enthalpic contributions. The temperature dependence of the distribution functions shown in Fig. 7 indicates that the ''binding'' of TEA to the triflate-ion is significantly more temperature-sensitive than that of TEA to the methylsulfonate-ion and, hence, can be considered more weakly.
Hydrogen bonding
Numerous geometrical procedures for the determination of hydrogen bonds have been proposed 35 in the past. Mostly, they rely on distance criteria in addition to some angular constraints. 35, 36 We will see that for the case of protic ionic liquids discussed here, the use of angular constraints can even be omitted, since the distance distribution between the ammoniumhydrogen and the sulfonate-oxygen itself does very well discriminate between hydrogen bonded and non-hydrogen bonded states. As shown in Fig. 8 , the pair correlation function between an ammonium-hydrogen and the sulfonate-oxygen exhibits a very sharp narrow first peak which goes almost down to zero for both, the pure ionic liquids, as well as for the mixtures. The number of nearest oxygen-neighbors around a hydrogen atom as a function of distance has a very well defined step-like form with a plateau at 1 for the pure liquids, which indicates that an N-H-group in both ionic liquids stays practically always involved in a hydrogen-bond. Here we use a distance criterion of r H-O r 0.24 nm to define a hydrogen bond for both, the triflate-and the methylsulfonate-ions. When applying this cutoff-distance of 0.24 nm, the sum of the computed number of oxygen-neighbors N for both anion-species add up to one with dN o |AE0.01| for all investigated mixtures and temperatures. To further substantiate that the intermolecular H-O distance is a proper criterion for a hydrogen-bonded configuration, we have computed a probability density map of the distance r H-O and the cosine of the angle a N-H/S-O between the N-H bond on the TEA and the respective S-O-bond on the methylsulfonate anion, depicted in Fig. 9 . The density-plot in Fig. 9 shows that distances r H-O o 0.24 nm correspond to an anti-parallel alignment, essentially confined to angles between 120 and 180 degrees. A second basin located at larger distances is well separated from the hydrogen-bonded basin by a free energy barrier at about r H-O E 0.24 nm. The minimum of the second basin is located at a 60 degree angle, which is certainly incompatible with hydrogen bonded configurations. In fact, these configurations correspond to correlations with oxygensites adjacent to the oxygen involved in a hydrogen bond. An alternative representation is given in Fig. 10a, showing Fig. 10b shows the distribution of the cosine of the angle between the intermolecular N-O-vector and the N-H-bond a N-H/N-O , which has been used previously to identify linearly hydrogen-bonded configurations. 36 An angular cutoff of 30 degrees is suitable for hydrogen-bonds in liquid water. 35, 36 In the ionic liquid systems discussed here, the computed a N-H/N-O fall well below this threshold. In fact, the computed a N-H/N-O complies with a much narrower threshold-value of about 18 degrees, suggesting an even better defined linear hydrogen-bond configuration as in liquid water. We conclude that the O-H distance is a suitable measure to identify hydrogen bonds for the discussed systems. This has to be attributed to the peculiarities of the investigated IL, where we only have a single hydrogen-bond donor located on the cation, which is partially shielded by the ethyl-groups, in combination with an abundance of rather strong hydrogen-bond acceptor sites on the anions. In the previous section we have seen that hydrogen bonding also affects the center-of-mass pair correlation functions and is assumed to be responsible for the splitted first peak of the anion-cation pair correlation function (shown in Fig. 4 ). As shown in Fig. 8c and d , the hydrogen-bond donated by the cation in the mixture is not shared by both anions according to their abundance in the mixture (x MS = 0.25). In fact, the hydrogen bond to the methylsulfonate-ion appears to be formed in the majority of cases, shifting the equilibrium towards the formation of hydrogen bonds with the methylsulfonate-ion. This effect is not unexpected, given the larger negative partial charges on the methylsulfonate-oxygen sites. To quantify the shift, we have computed the percentage of TEA-cations involved in a hydrogen bond with respect to either anion (see Fig. 11 ). The data shown in Fig. 11 demonstrates the shift in equilibrium, and also indicates only a weak temperature dependence. Moreover, from the equimolar mixture we can directly estimate the difference in strength of the hydrogen-bond of a TEA-ion to either anion as a free-energy difference at 300 K according to DG HB ¼ ÀRT ln K HB % 5 kJ mol À1 with K HB = y HB,TF /y HB,MS E 0.13.
The fact that both anions can accept up to three hydrogen bonds and that these hydrogen bonds are differently strong leads to a formation of hydrogen-bonded aggregates of varying size as a function of the composition of the mixture. First, we discuss the total number of hydrogen bonds accepted by each of the anions as a function of the mixture-composition shown in Fig. 12 . In the pure liquids, each anion accepts on average one single hydrogen bond. Since each sulfonate group can accept up to three hydrogen-bonds, the strong TEA-MS hydrogen bonds causes the methylsulfonate-ion to accepting about up to E2.8 hydrogen bonds in the diluted solution (x MS -0). By increasing the methylsulfonate-concentration, this number drops monotonously, since the methylsulfonate-ions start to compete with each other for TEA hydrogen-bonds. The triflateion in the dilute triflate-solution (x MS -1) only receives about E0.1 hydrogen-bonds on average, and is hence almost completely stripped of hydrogen bonds.
The distribution of the hydrogen-bonded aggregates are finally shown in Fig. 13 . Indicated are the percentages of each of the anions connected to either no, one, two or three TEA-cations via hydrogen-bonding. Note that for both pure ionic liquids, the distribution of aggregate sizes is almost identical: single hydrogen-bonded (n = 1) aggregates contribute about E50%, whereas the configurations with no (n = 0) and two hydrogen bonds (n = 1) are both near at about E24%. Configurations with three hydrogen bonds (n = 3) are rare and contribute only to E2-3%. With increasing methylsulfonateconcentration, the population of triflate-ions with no hydrogenbonds (''free'' triflate-ions) is increasing strongly to a plateau value of about 85% to 90% for x MS -1. At the same time the percentage of configurations with one hydrogen bond drops down to 10% to 15%. Configurations with more than one hydrogen bond are practically non-existent. With increasing triflate-concentration, on the other hand, the methylsulfate-ions attract more and more hydrogen-bonds, leading to an increasing percentage of MS-ions attached to two (n = 2) and three (n = 3) TEA-cations. Here the configurations with two hydrogen-bonds first increase, but are getting increasingly replaced by configurations with three hydrogen-bonds. For x MS -0, finally, the n = 3-fraction represents the majority of configurations with E75%, and n = 2 representing the rest with E25%. Configurations with no or one hydrogen-bond have practically vanished.
We summarize that the exact size and distribution of the hydrogen-bonded aggregates is apparently determined by the strengths of the hydrogen-bonds, the number of hydrogenbonded donors and acceptors on the ions, as well as their respective coordination-numbers. In the following section, we will introduce a ''cartoon-like'' representation of the ionic liquid, which is based on a minimal set of assumptions extracted from our MD-simulation, and can be used compute the observed cluster-sizes as a function of the mixture-composition in a semiquantitative fashion.
A ''cartoon-like'' model of hydrogen bonding in the IL mixture
For a better understanding of the hydrogen-bonded clustersizes in the IL mixtures, we would like to introduce a simplified description of the hydrogen bond equilibrium. For this purpose we construct a simplified model of the ionic liquid as outlined in Fig. 14. Here, the liquid is represented by a cubic lattice, where the anions and cation occupy sites in an alternating fashion, leading to a octahedral coordination of each ion with a coordination number of c = 6. In addition, we assume that each TEA-cation stays always involved in a hydrogen-bond, and is pointing with its N-H-bond towards one of the c surrounding anions. In a pure ionic liquid, the cation-anion hydrogen-bond is, of course, supposed to connect the TEA-cation randomly with one of its c anion neighbors. If each anion would be able to accept c hydrogen-bonds from the surrounding TEA-cations equally well, the probability of finding an anion accepting n hydrogen-bonds simultaneously P c,n would exactly follow a binomial distribution P c;n ¼ c! n!ðc À nÞ! Á p n Á ð1 À pÞ cÀn ;
(2) Fig. 13 Percentage of triflate-and methylsulfonate-ions hydrogenbonded to zero, one, two, and three TEA-cations as a function of the mixture-composition. Open symbols: 300 K. Closed symbols: 400 K (a) methylsulfonate (b) triflate. where p represents the probability of a TEA-cation pointing with its N-H bond towards the central anion. Assuming a purely random orientation of the TEA-N-H-bond on the lattice, p corresponds to the inverse coordination number of the TEAion ( p = 1/c). However, to account for the fact that the triflate and methylsulfonate-anions can each accept only up to three hydrogen-bonds, we have to modify the distribution function by introducing configuration-specific weights-factors w c,n with w c,n = 0 for n 4 3.
To ensure proper normalisation, the modified weights are counter-balanced by a constant Q, which has to be computed numerically according to
c! n!ðc À nÞ! Á w c;n Á p n Á ð1 À pÞ cÀn :
In a first step, we will discuss a situation, where the non-zero statistical weights are all equal (w c,n = 1 for n r 3). In addition, we will assume that the chosen weights do not change as function of the mixture-composition. In the mixture, however, the hydrogen-bond of TEA to each of the two anion-species varies in strength. This will, hence, also modify the hydrogenbond acceptance probability for each of the anions. In all cases, the TEA cation points to one of the c surrounding neighbors with a site-specific probability p i . Of course, those probabilities do add all up to unity:
Since each of the sites i is assumed to be statistically occupied by one of the two anion-species according to their mixture composition x = x MS , the average probability p i of accepting a hydrogen-bond is hence a composition-weighted sum of the individual probabilities of the anions according to
From eqn (5) and (6), the universal anion-specific hydrogenbond-acceptance probabilities follow as
with f = p TF /p MS . From eqn (7) we can directly determine the fraction of times, a N-H bond of a TEA-cation points to either a methylsulfonate-or triflate-ion as
and y HB;TF ¼ cð1 À xÞ Á p TF
The ratio f can be determined from MD simulation data by taking the values for the fraction of hydrogen-bonds of one TEA-molecule to each of the two anion-species from the equimolar mixture. Using the data shown in Fig. 11 , we determine f = y HB,TF /y HB,MS E 0.13. Assuming that f does not change significantly as a function of the composition x, we can now compute the hydrogen-bonded cluster sizes P c,n for both, the methylsulfonate and the triflate anions, as well as the average number of hydrogen bonds accepted by each anion according to Fig. 15 shows the prediction of the sizes of the hydrogenbonded aggregates according the model using equal weights with w 6,n = 1 for n r 3 and w 6,n = 0 for n 4 3. Essential features of the distributions obtained from the MD-simulation, such as the existence of a maximum of MS-TEA aggregates with two hydrogen bonds, are well recovered by just using an approximate coordination number, and taking into account that both anions can accept no more than three hydrogen bonds. Also, the percentage of hydrogen-bonds of TEA to either anionspecies, as well as the total number of accepted hydrogen bonds ( Fig. 16 ) are nicely captured. However, the distribution of aggregate-sizes in the pure TEAMS and TEATF liquids are not correctly represented. In particular, the model underestimates the single-bonded configurations and overestimates the configurations with no hydrogen-bond. To better represent the distribution within the pure liquids and to improve the model, we adjust the non-zero weight-factors w c,n for n r 3 to match the MD simulation results (as shown in Fig. 13 ) for the respective pure ionic liquids with P 6,0 = 0.24, P 6,1 = 0.51, P 6,2 = 0.22, and P 6,3 = 0.03. For simplicity, we use the same values for both, TEATF and TAMS. Those probabilities are recovered by using statistical weights of w 6,0 = 0.75, w 6,1 = 1.3, w 6,2 = 1.12, Fig. 15 Percentage of methylsulfonate-(a) and triflate-ions (b) hydrogenbonded to zero, one, two, and three TEA-cations, as a function of the mixture-composition at 400 K. Symbols: MD-simulation. Solid lines: model using equal statistical weights with w 6,n = 1 for n r 3 and w 6,n = 0 for n 4 3. and w 6,3 = 0.5 for both anions. The weight-factors indicate that the anions in the pure IL feel most comfortable with just one hydrogen bond pointing towards them. Situations with three hydrogen bonds have a significantly lower statistical weight, most likely due to orientational restraints, introduced by a configuration involving three hydrogen bonds to adjacent ions. Particularly, the situation without any hydrogen-bonds exhibits a significantly reduced statistical weight compared to the random distribution of hydrogen-bonds. The distribution of clusters shown in Fig. 17 demonstrate a significant improvement, leading to a semi-quantitative description of the MD-data. Moreover, the good overall description of the simulation-data by our model is suggesting that the two anion-species are statistically distributed in the liquid. However, also certain weaknesses of the model are evident, particularly for the percentage of hydrogen-bonds of TEA to either anion-species in the range x MS o 0.3. By introducing a composition-dependent factor f (x MS ) a better representation of the data shown in Fig. 16a and 18a could be achieved (not shown). Interestingly, this does, in fact, worsen the description of the distribution of cluster-sizes, indicating the need to also account for the changing coordination-numbers, and thus pointing at the limits of the model.
Conclusions
We have reported results of molecular dynamics simulations characterising the hydrogen bonding in mixtures of two protic ionic liquids sharing the same cation: triethylammoniummethylsulfonate and triethylammonium-triflate. The triethylammonium-cation acts as a hydrogen-bond donor, being able to donate a single hydrogen bond. Both, the methylsulfonateand the triflate-anions can act as hydrogen-bond acceptors, which can accept multiple hydrogen bonds via their SO 3groups. Replacing a methyl-group in the methylsulfonate by a trifluoromethyl-group in the triflate significantly weakens the strength of a hydrogen bond from an adjacent triethylammonium-cation to the oxygen-site in the SO 3 -group of the respective anion. Our MD simulations show that these rather subtle differences in hydrogen bond strength significantly affect the formation of differently-sized hydrogenbonded aggregates in the mixtures as a function of the mixture-composition. A defining structural feature of ionic liquids in general and of the studied protic ionic liquid in particular is the charge-alternating order of the ions, leading to counter-ion coordination numbers between six and eight. This fact is represented in a simple ''cartoon-like'' lattice model of the liquid, placing ions on a cubic lattice in an alternating fashion with an approximate counter-ion coordination number of six. By introducing statistical weights that mostly account for the fact that each anion can only accept up to three hydrogen bonds, and by adjusting the balance between of the hydrogen bond of TEA to either of the two anions, the simple model is able to qualitatively predict the distribution of differently-sized hydrogen-bonded aggregates as well as the total number of hydrogen bonds accepted by the anions as a function of the mixture-composition. By adjusting the statistical weights for each cluster in such a way that the cluster sizes match the distribution observed in the pure liquids, an even semiquantitative description of the data obtained from MD simulation emerges. Finally, we would like to comment of the issue of the ''doublesaltiness'' of the studied ionic liquid mixture as Fig. 16 (a) Percentage of TEA-cations connected via a hydrogen bond to either a triflate-ion or a methylsulfonate-ion as a function of the mixturecomposition. (b) Average number of hydrogen bonds accepted by the triflate-and methylsulfonate-ions. Open symbols: MD-data obtained at 400 K. Solid lines: model using equal statistical weights with w 6,n = 1 for n r 3 and w 6,n = 0 for n 4 3.
Fig. 17
Percentage of methylsulfonate-(a) and triflate-ions (b) hydrogenbonded to zero, one, two, and three TEA-cations, as a function of the mixture-composition at 400 K. Symbols: MD-simulation. Solid lines: model using statistical weights adjusted to the distribution in the pure liquids with w 6,0 = 0.75, w 6,1 = 1.3, w 6,2 = 1.12, w 6,3 = 0.5, and w 6,n = 0 for n 4 3. Fig. 18 (a) Percentage of TEA-cations connected via a hydrogen bond to either a triflate-ion or a methylsulfonate-ion as a function of the mixturecomposition. (b) Average number of hydrogen bonds accepted by the triflate-and methylsulfonate-ions. Open symbols: MD-data obtained at 400 K. Solid lines: model using statistical weights adjusted to the distribution in the pure liquids with w 6,0 = 0.75, w 6,1 = 1.3, w 6,2 = 1.12, w 6,3 = 0.5, and w 6,n = 0 for n 4 3.
pointed out by Rogers et al. 6 Their line of reasoning is that in a mixture of ILs, the constituents (ions) do not seem to retain their individual nature. Hence, they proposed to consider them as double-salt ionic liquids. We think that our model-system is a particularly nice demonstration of the concept: although the pure ionic liquids and their mixtures exhibit great similarity with respect to the overall ion-alternating structure, each of the statistically distributed anions experiences a completely different local environment.
